[1] A 10-cm-thick layer of synthetic fault gouge (angular quartz sand with millimetric grains) is sheared over several meters at low confining pressures (0.1-0.5 MPa) using a ring shear apparatus (inner radius of 10 cm). The shear strength of the gouge exhibits a significant slip-weakening behavior active over decimetric slip distances. Tests on the influence of particle size, particle geometry, and boundary conditions are reported. A long-term compaction of the gouge samples is also observed but appears to be decoupled from the frictional slip weakening. At microscale, series of photographs taken during the runs enable us to follow the formation of a shear band in which most of displacements and strains localize. From image analysis we estimate the strain field in the material surrounding the shear band and show that this outer region accounts for most of the global volumetric strain. We argue that the mechanical coupling between this outer region and the shear band is responsible for the frictional slip weakening. Accordingly, the complex structure of the fault zone is shown to be crucial for its frictional behavior. Implications of our results for fault mechanics are discussed in the companion paper.
Introduction
[2] Despite huge complexity, earthquake source processes are often adequately described as frictional instabilities along preexisting fault zones. In absence of normal stress variations, the existence of such instabilities implies a decrease of effective fault strength at the very beginning of earthquakes. Accordingly, numerous studies have been looking for weakening mechanisms in the rheology of seismic faults. Many laboratory friction experiments have been devoted to this topic, among which displacementimposed experiments [e.g., Marone et al., 1990; Beeler et al., 1996] proved particularly fruitful. Unlike stressimposed experiments [e.g., Ohnaka and Shen, 1999] , displacement-imposed experiments prevent the development of instabilities along the studied interfaces. Hence they do not aim at directly reproducing the processes of earthquake nucleation and propagation. However, they are perfectly suited to measure intrinsic mechanical responses, i.e., responses independent of apparatus friction or stiffness. Furthermore, these experiments are very accurately controlled, and thus enable one to analyze separately the various rheological mechanisms at play during frictional slip.
[3] Existing laboratory friction studies do effectively offer evidence of some reproducible weakening processes, which appear as potential candidates to explain the occurrence of earthquakes along real faults [e.g., Marone, 1998; Scholz, 1998] . A recurrent concern with these results, however, is their quantitative discrepancy with seismological data. In particular, the apparent fracture (or breakdown) energy G c dissipated in laboratory experiments (in the range 10 À2 -10 0 J m À2 ) hugely differs from that released by real earthquakes (10 6 -10 8 J m
À2
) [Ohnaka, 2003; Rice et al., 2005; Tinti et al., 2005] . Similarly, typical weakening length scales are of the order of 10 À6 -10 À4 m in laboratory results, whereas earthquake inversions yield values in the range 10 À2 -10 0 m [Ide and Takeo, 1997; Bouchon et al., 1998; Guatteri and Spudich, 2000] . Thus the extrapolation of laboratory-derived weakening processes to natural faults constitutes a difficult issue.
[4] A standard approach to bridge the quantitative gap between laboratory results and seismological data consists in looking for scale-dependent properties of the frictional constitutive parameters (particularly, the characteristic weakening distance) [e.g., Scholz, 1988; Marone and Kilgore, 1993; Ohnaka and Shen, 1999] . Nevertheless, in most cases the physical bases of these scaling relationships remain poorly understood [Beeler, 2004] . Alternatively, various authors tried to evidence new frictional processes by extending the range of investigated experimental conditions. For instance, while most classical studies limit consideration to the behavior of frictional interfaces close to steady state, Nakatani [1998] and Karner and Marone [2001] submitted a gouge layer to large shear stress perturbations. Other workers examined the effect of large slip velocities [Tsutsumi and Shimamoto, 1997; Goldsby and Tullis, 2002] , of high pressure and temperature creep [Bystricky et al., 2000] , or of pressure solution in presence of fluid [Bos et al., 2000] .
[5] In this paper, we adopt a similar approach and investigate the mechanical role played by the complex structure of fault zones. In classical friction experiments, the studied interfaces usually consist of two adjacent rock blocks that may either be in direct contact or separated by a thin layer of granular gouge. Such an approach is motivated by several observations indicating that during earthquakes, seismic slip apparently localizes inside very thin, possibly centimetric layers [Chester and Chester, 1998; Sibson, 2003] . From a structural point of view, however, natural fault zones generally appear as thick interfaces. Numerous geological studies consistently describe mature faults as an innermost, meter-thick cataclastic to ultracataclastic core surrounded by less damaged layers whose thickness may reach several hundreds of meters [e.g., Chester et al., 1993; Micarelli et al., 2003; Billi et al., 2003; Chambon et al., 2006b] . Even though slip localizes inside these structures during earthquakes, it is possible that the existence of such thick gouge layers has a significant influence on the effective mechanical behavior of the faults [Poliakov et al., 2002; Andrews, 2005] . To date, however, this issue remains mostly untackled in the laboratory.
[6] We present here specific laboratory experiments aiming at simulating a whole fault zone. A thick layer of synthetic fault gouge is sheared over slip displacements comparable to those recorded on faults during seismic events. We begin the paper by detailing our annular experimental setup. In section 2, we present the various mechanical responses observed during the runs. We describe in particular a significant slip-weakening process which occurs in some experimental configurations. We then focus on the microscale and show how strain localizes inside our sheared samples. Finally, a thorough discussion is devoted to proving that this slip weakening does effectively constitute an intrinsic frictional property of our samples. We propose a micromechanical interpretation for this process and consider some preliminary issues regarding its extrapolation to real faults. However, most of the implications of our results for earthquake mechanics, are discussed in the companion paper [Chambon et al., 2006a] .
Experimental Setup

Synthetic Gouge Materials
[7] In our experiments, real fault gouge is simulated using noncohesive granular materials. Two types of materials were used ( Figure 1 ): a quarry sand (sa) containing more than 99% of quartz, and glass beads (gb). The main difference between these two materials is the shape of the constitutive granules: Sand grains are angular, whereas glass beads are spherical. For each type of material, two (initially) monodisperse size distributions differing by their modal values were used, allowing us to check for the influence of mean particle size: Distributions sa1 and sa2 (sand) are peaked around 1 and 0.6 mm, respectively, and distributions gb1 and gb2 (glass beads) are peaked around 1 and 0.7 mm, respectively. We also studied the response of a bidisperse glass bead distribution (gb3) consisting of a mixture of 0.3 mm and 1 mm particles (Figure 1 ). All our experiments have been conducted in nominally dry conditions, that is with room atmosphere inside the pore space.
[8] Obviously, modeling fault gouge using dry monodisperse granular material represents a strong simplification. Real gouge is generally made of saturated cataclastic rocks characterized by wide, power law particle size distributions [e.g., Sammis and Biegel, 1989; An and Sammis, 1994] . Furthermore, real fault gouges generally present some cohesion (see also the discussion by Chambon et al. [2006b] ). Nonetheless, we believe that the use of simplified, noncohesive granular materials accounts for some important features of real gouge: (1) the discontinuous and strongly heterogeneous mechanical properties, (2) the relatively low cohesion compared to host rocks resulting in a large number of degrees of freedom, and (3) the irregular shape of the constitutive ''grains.'' Moreover, working with monodisperse distributions notably facilitates the preparation of reproducible samples. Following numerous previous studies [e.g., Marone et al., 1990; Mair and Marone, 1999] , we will thus hereinafter consider that our plain sand samples constitute a good proxy for the mechanical behavior of fault material. Glass bead samples are studied mainly for comparison purposes.
2.2. Apparatus Description 2.2.1. Geometry
[9] As shown in Figure 2 , our experimental setup consists of an annular simple shear apparatus (ACSA) [see also Lerat, 1996; Corfdir et al., 2004] . The granular sample is ring-shaped, with both a height and a width of 100 mm. Figure 1 . Characteristics of the five studied sample types. The monodisperse materials were bought from companies Bellanger-Sopromat (sand) and Centraver (glass beads). Particle size distributions were determined using a set of standard sieves. The bidisperse material gb3 is prepared synthetically by adding, in mass, 33% of 0.3 mm glass beads to the distribution gb1. This operation requires great care to guarantee the homogeneity of the mixture.
Its inner boundary lies against a steel cylinder of radius 100 mm, and its outer boundary is encased in a 1.5-mm-thick neoprene jacket. A water cell, connected to a pressure-volume controller, is placed around this jacket and insures the radial confinement of the sample. Vertically, the granular material is embedded between an upper plate made of duralumin and a lower plate made of glass. These plates are rigid and immobile relative to the reference frame of the lab. Two windows pierced in the lower seating of the apparatus enable us to observe (through the glass plate) the bottom surface of the samples during the runs (Figure 2 ).
[10] Shear is applied to the sample by rotation at a prescribed rate of the inner steel cylinder. Most of our experiments were conducted with a rough cylinder in order to preclude interfacial slip along the steel-granular boundary. The roughness of this cylinder consists of triangular grooves machined perpendicular to the sliding direction ( Figure 2 ). The grooves are 0.7 mm deep and 2 mm apart, and thus approximately match the mean diameter of the used grains. For some experiments, we also employed a smooth cylinder with a roughness of less than 15 mm.
Unlike the rough cylinder, this smooth cylinder presents the advantage of being equipped with stress sensors on its surface (Figure 2 ).
Boundary Conditions
[11] In general, the prescribed rotation of the steel cylinder results in an imposed tangential displacement d along sample inner boundary (Figure 3 ). The relevance of this ''imposed displacement'' condition, however, is not completely warranted when using the smooth cylinder. As an analogy with faults, displacement d, which represents the offset between the inner and the outer boundaries of the gouge sample, will henceforth be called slip. Slip velocity v = _ d is generally kept constant during our runs and can be set in the range 1.7-100 mm s
À1
. An optoelectronic rotation encoder (Figure 4 ) allows us to monitor the rotation angle j of the steel cylinder, and hence slip d, independently of the driving system:
where R 1 is the cylinder radius. Resolution of this slip measurement is 77 mm. We checked that on average over 10 mm of displacement, the actual measured velocity fluctuates by less than 1% around its imposed value.
[12] The outer boundary condition applied to the sample consists of a constant radial stress s r (R 2 ) = s e transmitted through the jacket (Figure 3 ). The pressure inside the water cell can be adjusted from 0 (atmospheric pressure) to 1 MPa with a resolution of 1 kPa. It is regulated with an accuracy of 0.6%, except during the very beginning of the runs where s e can vary by a few tens of kilopascals due to rapid volume changes of the sample (see section 3). The relative smallness of the confinement upper limit (compared to most other gouge friction apparatus) is imposed by the necessity to maintain the torsional rigidity of the apparatus frame: Even with such low confinements, significant driving torques of several thousands of newton meters are reached during the runs.
[13] Finally, any vertical expansion of the sample is completely precluded by the two rigid plates. Vertical compaction is allowed in principle, but highly improbable due to the radial confinement. (Such compaction would Figure 2 . Schematic diagram of the annular simple shear apparatus: CC, confinement cell; NJ, neoprene jacket; GS, granular sample; SB, shear band; RC, rotating cylinder; W, observation window. The upper photographs display the rough and smooth rotating cylinders used in our experiments. (Two circular stress sensors are visible on the smooth cylinder surface.) The bottom photograph was taken through the observation window W. It represents the lower surface of a sa1-sand sample prior to applying shear. result in the creation of a void space between the sample and the upper plate.) We can thus consider that the sample is submitted to a zero-vertical displacement condition along its top and bottom boundaries. Horizontal displacements along the top and bottom plates remain possible.
Mechanical Measurements 2.3.1. Shear Stress
[14] The driving torque G exerted on the steel cylinder is measured by a torquemeter intercalated along the rotation axis (Figure 4) . Torque values typically vary between À4000 and +4000 N m during our runs, with a measurement accuracy of 20 N m. Because of friction between the mobile parts of the setup, a residual torque exists in the absence of any sample. Its value, however, never exceeds 50 N m and we neglect it in what follows. Torque measurements can easily be converted into an average shear stress t along the inner cylinder surface:
with H denoting sample height. The accuracy of the computed shear stress values is of about 3 kPa. Signs of G and t indicate the rotation sense of the cylinder.
Sample Volume
[15] The pressure-volume controller, while regulating the confining pressure s e , also monitors the volume changes of the water cell. This measurement directly yields the global volume variations of the sample DV, and hence the macroscopic volumetric strain e M :
where R 2 corresponds to sample outer radius. [16] The smooth inner cylinder is equipped with five normal stress sensors. Only four, however, were operative during our runs. These sensors are circular in shape (diameter 30 mm), and curved to match the surface of the cylinder (Figure 2 ). Their maximum allowed load is 1.5 MPa, and their nominal accuracy less than 1 kPa. To avoid indentations, they should be used with sufficiently low confinement values and grain diameters typically less than 1 mm (particularly when working with angular particles). In what follows, we will essentially discuss the average normal stress s i exerted on the inner cylinder, estimated as the mean of the four available measurements.
[17] One should be aware that two strong limitations tend to hinder the accuracy of these inner normal stress measurements. First, the positioning of the sensors is a very tricky operation, and even a slight mismatch with the cylinder surface might induce significant measurement artifacts. Second, and more importantly, the local normal stress exerted on the inner cylinder appears highly variable, both in space and time. The records of each individual sensors display strong high-frequency fluctuations, and simultaneous values yielded by two distinct sensors frequently differ by more than 50%. Such a variability presumably results from a highly heterogeneous force distribution inside our samples, as it is typical in granular materials [Radjai et al., 1996; Howell et al., 1999] . In other words, a more proper sampling of the inner normal stress would probably require a larger number of operative sensors, as well as sensors of larger size.
Sample Preparation
[18] Samples are prepared by depositing successive layers of the granular material in between the inner cylinder and an outer cylindrical mold. After each deposit, the sample is gently compacted by hand. When using monodisperse glass bead distributions, this procedure induces the formation of local crystalline arrangements in the vicinity of sample boundaries. These ordered structures, however, do not extend inside the bulk. As a reproducibility test, the mass and precise circumference of the samples are systematically measured and converted into an estimate of the initial porosity f 0 . For sand samples, f 0 ranges between 41% and 49%. It is slightly lower for monodisperse glass bead samples (between 36% and 40%), and significantly reduced with the bidisperse glass bead distribution gb3 (around 30%). According to their response to shear, all our samples can be characterized as dense (existence of a stress peak, initial dilatancy: see section 3). Before beginning to shear, newly prepared samples are generally left at rest for several hours during which they exhibit slow relaxation (compaction of a few cubic centimeters).
Comparison With Other Setups
[19] In former studies, gouge friction has been investigated with essentially three different setups: the triaxial apparatus [Marone and Scholz, 1989; Marone et al., 1990; Scott et al., 1994] , the double-direct shear apparatus Marone and Kilgore, 1993; Nakatani, 1998; Mair and Marone, 1999; Karner and Marone, 2001] , and the rotary direct shear apparatus [Beeler et al., 1996; Goldsby and Tullis, 2002] . Our pseudo-Couette apparatus presents several advantages compared to these classical setups but also a chief drawback.
[20] 1. As already mentioned, the main advantage of our setup resides in its capability of shearing thick samples of synthetic fault gouge. Since we work with submillimetric to millimetric particles, the thickness of our granular samples systematically exceeds 100 particles. In contrast, sample thickness in previous gouge friction experiments was generally of the order of 10 grains (at least before comminution took place). As we will see, this difference has significant consequences in terms of effective mechanical behavior.
[21] 2. A second advantage is that our setup allows for the application of arbitrarily large and spatially homogeneous displacements along the shear interface. In other setups, on the contrary, either the possible amount of shear displacement is strongly limited, or the homogeneity of the imposed displacement is disturbed by edge effects (in triaxial or double-direct configurations) or by radial gradients (in rotary shear). Moreover, direct shear configurations strongly promotes strain localization by creating a predetermined shear band. In our case, the deformation mode (homogeneous or localized) of the sample is not imposed.
[22] 3. However, setups used in previous experiments present the advantage that the normal stress exerted on the prescribed shear interface is well controlled (provided friction along the thin lateral boundaries of the samples can be neglected). In our case, due to the annular geometry, the transfer of the applied confining stress toward the inner rotating cylinder is mediated by the rheology of the whole sample. Hence the state of stress inside the sample and, in particular, the normal stress exerted on the inner cylinder, are a priori unknown. This limitation will be discussed in detail in section 5. We will show that it does not significantly affect the validity of our rheological measurements, since normal stress on the inner cylinder appears to remain essentially constant during shear.
Experimental Results
Conducted Runs
[23] Most of our experiments were composed of numerous successive shear phases separated by so-called restrengthening events. As we explain in the following, these restrengthening events are particular procedures (shear sense reversals or shear stress releases) which lead to restoring the shear strength of already-sheared samples. Generally, the shear phases themselves were conducted under constant confinement s e and at constant slip speed v. Three types of shear phases are distinguished: IS (initial shear), shear of a fresh sample; SR (sense reversal), shear phases conducted after a prescribed change in the cylinder rotation sense; SD (stress drop), shear phases conducted after a prescribed release of the shear stress t exerted on the inner cylinder (shear unloading). Shear unloading is enabled by a small backlash in the driving system. When reversing the motor rotation sense, there exists a short time interval during which the torque G almost vanishes with only a minute variation of slip d (always less than 500 mm).
[24] Table 1 recapitulates the numbers of independent realizations conducted for each type of shear phase. To discuss our data, we will need to introduce three distinct slip quantities: raw slip d (net load point displacement), cumulative slip d cum (total amount of displacement since sample preparation), and partial slip d p (displacement since the last restrengthening event). As an illustration, let us consider a sample successively submitted to 1.5 m of slip in both senses: in this case, d = 0, d p = 1.5 m, and d cum = 3 m. Maximum partial slip reached during a shear phase is about 6 m. Maximum cumulative slip achieved with a (sa1) sample is about 50 m.
Sand With Rough Cylinder: Major Slip Weakening
[25] Shear of sand samples with the rough rotating cylinder constitutes the most relevant configuration for an analogy with fault mechanics (see section 2). We thus begin by describing the mechanical response observed in this case.
Shear Stress Variations
[26] As shown in Figure 5a , the response of the sand samples is characterized by a remarkable slip weakening of shear stress t during shear. After an initial peak at the beginning of the run (Figure 6a ), t significantly decreases with imposed slip. The amount of slip required for an apparent stabilization of the shear stress is extremely large (compared to grain size), typically of the order of 0.5 m. We checked that this weakening process really is slip induced, as opposed to time induced. In particular, it interrupts when slip is held constant during an arbitrarily long time period [see Chambon et al., 2006a] .
[27] The slip-weakening process appears well reproducible for different experiments conducted in nominally identical conditions. The superposition of the four response curves displayed in Figure 5a is quasi-perfect, apart from the magnitude of the initial strength peak which does slightly depend on the considered sample ( Figure 6a ). More surprisingly, this superposition also indicates that the slip weakening is essentially the same for sa1-and sa2-sand samples. Hence this weakening process appears independent of particle size, at least in the diameter range that we investigated (0.6 -1 mm).
[28] In Figure 7a , we show that the weakening process does also repeat, in a very reproducible way, during all the consecutive shear phases that may be imposed to a given sample. Each restrengthening event is systematically followed by a significant reduction in shear stress t occurring over several decimeters of slip. The asymptotic stress level achieved at large partial slips is constant for all the shear phases. Even though the weakening magnitude (which might exceed 70% during IS phases) slowly diminishes with d cum , the slow, slip-induced decrease in t is still clearly active even after more than 30 m of cumulative slip.
[29] Last, Figure 7a also illustrates the restrengthening effect induced by shear sense reversals and shear unloadings. Upon resuming of shear, these events are systematically followed by a notable stress peak. Hence they do virtually reset the shear strength of the samples. We note, however, that initial stress peaks are generally higher than peaks following sense reversals, which themselves are higher than peaks following shear stress releases. Furthermore, the magnitude of the stress peaks tends to decrease with cumulative slip d cum . According to previous studies [e.g., Nakatani, 1998; Marone, 1998, 2001] , we expect that the restrengthening magnitude might also depend on the amplitude of the imposed stress reduction (for shear unloading experiments) as well as, to the second order, on the time spent by the sample at a reduced stress level. In our study, however, the shear stress was always relaxed almost completely, and then quasi-immediately reincreased. [30] Similarly to shear stress evolution, the volume changes undergone by sand samples appear well reproducible between independent (Figure 5b) or consecutive (Figure 7b ) shear phases. Onset of shear is systematically marked by a rapid compaction-dilatancy sequence (Figure 6b ), whose amplitude depends on the considered sample and on cumulative slip d cum . Compaction occurs quasi-instantaneously upon the initiation of loading (for IS phases) or unloading (for SR and SD phases), and is then rapidly replaced by dilatancy which, typically, remains active during the first 10-20 mm of slip. After these rapid initial variations, progressive slip is systematically associated with a long-term, slow compaction of the samples. This process continues over very large amounts of slip and, in a given shear phase, compaction rate only slightly decreases with partial slip d p . Compaction rate, however, does notably diminish with cumulative slip d cum , and tends to vanish for shear phases conducted at d cum > 30 m (Figure 7b ).
Volume Changes
Alternative Configurations: No Slip Weakening
[31] Alternative experimental configurations include the shearing of glass bead samples with the rough cylinder, and the shearing of sand and glass bead samples with the smooth cylinder. The mechanical responses recorded in these cases are detailed in Appendix A. The most important point is that we never observe any significant slip-weakening process in these alternative experimental configurations. In all cases, shear stress t rapidly levels off after the first millimeters of slip in the shear phases, and then remains essentially constant. The long-term volumetric behavior is shown to depend on the experimental configuration: Monodisperse glass beads with the rough cylinder exhibit slow dilatancy, bidisperse glass beads with the rough cylinder exhibit slow compaction, and samples sheared by the smooth cylinder always display a more or less stable volume. Last, measurements of the average inner normal stress s i obtained with the smooth cylinder show that s i remains essentially constant during shear (as soon as the first millimeters of slip have passed).
Microstructural Observations
[32] For some of our experiments, the set of mechanical sensors was complemented with a digital camera placed below the observation window (see Figure 4 ). This allowed us to observe, at grain scale, the progressive structuring of the thick samples during shear. Notice that except in section 4.4, all the results discussed in this section come from experiments conducted with the rough rotating cylinder.
Strain Localization
[33] Figure 8 shows strain localization inside a sand sample sheared by the rough cylinder. Soon in the first centimeters of imposed slip, a narrow interfacial layer develops in which most of the grain displacements get confined. This interfacial layer systematically forms around the inner cylinder, probably due to the cylindrical geometry of our setup. (Indeed, in such a geometry we expect a significant decrease in shear stress s rq with radius r.) In agreement with numerous previous studies [e.g., Mühlhaus and Vardoulakis, 1987; Unterreiner, 1994] , we find that the thickness of the interfacial layer scales with the mean size of the grains. For both distributions sa1 and sa2, the measured interfacial width is of the order of six to seven grains. The zones s and t constitute the interfacial layer which is characterized by the existence of grain comminution.
[34] With glass beads, and though less evident on the pictures, strain localization also occurs. The width of the interfacial layer is essentially the same when shearing monodisperse gb1 or bidisperse gb3 samples: about 5 -6 mm in both cases (i.e., 5-6 diameters of the larger beads).
Grain Comminution
[35] In sand samples, the interfacial layer is the seat of an active grain comminution process. As shown in Figure 8 , a fine powder forms in this layer and progressively fills in the pore space between the initial particles. We also observe that the angularities of the initial particles tend to get rounded off. Outside of the interfacial layer, on the contrary, no sign of comminution is detected. Granulometry measurements have been conducted on material sampled from the interfacial layer during the dismounting of an experiment (Figure 9 ). They indicate that the initially unimodal particle size distribution of sa1-sand acquires a bimodal shape with shear. Besides an acute peak at 0.8 mm (corresponding to rounded initial grains), a second, much wider maximum appears around 10 mm (fine powder). The comminution mechanism occurring in the interfacial layer can thus be characterized as an attrition process (removal of grain angular edges) [Daouadji et al., 2001] .
[36] In comparison, for the same confinement conditions no comminution occurs when using spherical glass beads, either in the interfacial layer or in the bulk of the samples. Hence existence of attrition in sand appears strongly related to the angular shape of the grains: It primarily results from stress concentrations developing around grain sharp angles. The strong stress heterogeneity existing inside the samples may also locally enhance this stress concentration mechanism, and explain why the attrition process is so efficient: Even for confining pressures as low as 0.2 MPa, a significant production of fine particles is observed in sand samples.
Strain Fields Inside the Bulk
[37] Plain observation of sample lower surface indicates that the bulk situated outside of the interfacial layer apparently remains completely immobile once localization is established. To gain more insight into the mechanics of this bulk, we analyzed series of consecutive pictures taken during shear experiments using a correlation imaging velocimetry (CIV) technique. This technique, as well as its main outcomes, are described in full details by Chambon et al. [2003] . We only recall here the two principal results.
[38] First, CIV reveals that the deformation rate inside the bulk is not strictly zero after localization. It is clearly much smaller than in the comminuted interfacial layer but, as Figure 9 . Cumulative particle size distributions before and after the application of 6 m of cumulative slip to a sa1-sand sample (rough cylinder, s e = 0.5 MPa). The postshear material was sampled inside the shear band (see Figure 8 ). Particle size distributions have been measured using a laser particle size analyzer for grains smaller than 200 mm, and standard sieves for larger grains. shown in Figure 10 , interesting heterogeneous structures appear. We observe in particular the development of elongated and short-lived ''shear bursts'', which apparently nucleate along the interfacial layer and then propagate inside the bulk. Hence the interfacial layer and the bulk remain mechanically coupled.
[39] Second, and to contrast the above conclusion, the coupling between the interfacial layer and the bulk progressively decreases (but never vanishes) as imposed shear increases. We reported that the spatially averaged shear deformation rate h _ gi inside the bulk slowly relaxes following a hyperbolic law:
where, rigorously, slip d should be counted from localization (G 0 , G 1 , and d 8 are constants). Typically, several decimeters of slip are required before the micromechanical structure of the samples achieves a quasi-stationary state. The progressive decoupling process characterized by expression (4) is accompanied by the formation of a thin transition layer between the innermost portion of the interfacial layer (hereinafter called shear band) and the bulk. This structuring is clearly visible in Figure 8 . Both the shear band and the transition layer are characterized by grain attrition, but grain motions remain of smaller amplitude in the latter [see also Chambon et al., 2006b ].
Comparison With the Smooth Cylinder
[40] With the smooth cylinder, we also observe strain localization but the resulting interfacial layer is much narrower than with the rough cylinder (about 1 or 2 grain thick). Moreover, grain comminution is essentially absent with the smooth cylinder, either with sand or with glass bead samples. As expected, the smooth cylinder appears much less efficient than the rough one in transmitting shear strain into the sample. Unfortunately, we were not able to recover deformation fields inside the bulk in this case.
Discussion
Where Is Slow Compaction Taking Place?
[41] Besides shear deformation (see section 4.3), the CIV technique also allows us to precisely locate the origin of volumetric deformations inside the samples. Figure 11 shows that despite ongoing comminution, the interfacial layer is actually not involved in the macroscopic slow compaction observed with sand samples. The volume DV IL of the interfacial layer displays large (and possibly artifactual) fluctuations, but remains essentially constant with ongoing slip. In terms of soil mechanics, this layer thus appears to reach its ''critical state'' very rapidly after the establishment of strain localization.
[42] On the contrary, we observe that the volume of the bulk DV bulk does display a significant decrease during shear (Figure 11 ). This decrease continues over several decimeters of slip and, furthermore, compares quantitatively well with the macroscopic volume change DV M . Residual differences between DV bulk and DV M could be due, in particular, to the limited size of the sample portion visible in the observation window (a two-dimensional slice restricted in both radial and orthoradial directions). Accordingly, one can conclude that the macroscopic slow compaction active with sand material essentially arises from the bulk of the samples, and not from the interfacial layer. In other words, the zone in which volumetric deformation localizes is different from the zone in which most of the shear deformation localizes.
Are Slip Weakening and Slow Compaction Correlated?
[43] We reported that the significant slip weakening observed with sand samples occurs concurrently with a long-term, slow compaction phenomenon (e.g., Figure 7 ). We shall thus discuss the issue of a potential correlation between these two processes. Remark already that the two processes are not systematically associated. As shown by the example of bidisperse glass beads ( Figure A1 in Appendix A), it is possible to observe significant slow compaction without any shear stress weakening. Furthermore, even in sand samples, a careful examination of our data refutes the existence of direct correlations between slip weakening and slow compaction. Indeed, such correlations would result in an unique relationship between the stress drop Djtj and the amount of compaction De M recorded during shear phases (see legend of Figure 12 for a definition of these parameters). As shown in Figure 12 , this is not the case: The four displayed shear phases clearly follow distinct paths in the De M À Djtj plot. [44] Our results appear to contrast with previous experimental studies, which usually report direct correlations between gouge volumetric variations and friction changes [e.g., Marone et al., 1990; Richardson and Marone, 1999] . None of these studies, however, evidenced slip-weakening or slow compaction processes comparable to those reported here. In our case, the absence of coupling between slip weakening and slow compaction is probably related to the fact that shear and volumetric deformations localize in different zones inside our thick samples (see section 5.1). Note also that on the contrary, the very beginning of shear phases is certainly characterized by a strong correlation between volume variations and shear stress changes. Shear stress peak, volume peak, and strain localization are approximately synchronous, and the usual phenomenon of shear-induced dilatancy should be dominant during this stage.
Does Inner Normal Stress Evolve During Shear? 5.3.1. Issue of Confinement Transfer
[45] According to classical Amontons-Coulomb formulation, the shear stress t exerted on the inner cylinder is expected to vary linearly with inner normal stress s i :
where m is the internal coefficient of friction and K is a cohesion parameter. Both these parameters account for the rheology of our granular samples. However, with the rough cylinder, we only have access to the outer confining stress s e , and not to s i . Hence we can only measure an effective coefficient of friction m eff , defined as
To determine whether the measured variations in m eff (and, in particular, the major slip-weakening process) are really representative of sample rheology, we need to get insight into the relationship between outer and inner normal stresses in our samples.
[46] Unfortunately, due to the annular geometry of our setup, the resultant of the confinement applied on the sample is nil and, hence the normal stress exerted on the inner cylinder is a priori unknown. Simple geometrical considerations tend to indicate that the inner normal stress s i should be equal to twice the applied confinement s e (since R 2 /R 1 = 2). This argument, however, neglects the possibility of confinement screening by (1) development of hoop stresses inside the granular material and (2) mobilization of friction along the top and bottom plates embedding the sample. According to the simple model derived in Appendix B, we expect in general the inner stress s i to remain proportional to s e :
where k is a screening coefficient which can vary from 2 (no screening) to 0 (complete screening). In principle, it is even possible to have k > 2 (antiscreening) if friction along the top and bottom plates is mobilized in the centrifugal sense.
[47] Expression (B5) in Appendix B shows that two different effects can potentially induce variations of the screening coefficient k during shear: (1) changes in the frictional condition between the grains and the horizontal plates (e.g., by lubrication or variations in friction mobilization), and (2) changes in the magnitude of radial stress redirections along the orthoradial and vertical directions. Such redirection changes could be triggered by structural processes typical of granular materials (e.g., creation and destruction of force chains, reorganization of metastable grain arrangements) and also, in principle, by volumetric deformations inside the sample. In particular, the existence of compaction (resp. dilatancy) inside the shear band would probably tend to increase (resp. decrease) radial stress redirections.
With the Smooth Cylinder
[48] A series of shear phases performed at various confinement levels with the smooth cylinder allows to validate the approach presented above (see Figure A3 ). We observe that while the internal coefficient of friction m and cohesion K are essentially constant during shear, the screening coefficient k increases during the first 10-20 mm of slip. Accordingly, the effective coefficient of friction m eff also increases during this stage. However, as soon as d p > 10-20 mm, the coefficient k levels off and shear stress measurements can then be regarded as directly representative of the internal friction m (since cohesion K is also constant).
With the Rough Cylinder
[49] Similar series of experiments at various confinement levels were conducted with the rough cylinder. The results have been presented in a previous paper [Chambon et al., Figure 12 . Change in volumetric strain De M versus absolute shear stress drop Djtj during four independent SR shear phases picked from Figure 7 (sa1-sand, rough cylinder). For each phase, the quantities Djtj and De M are computed as variations in shear stress t and in volumetric strain e M , respectively, with respect to the instant of stress peak. To discard the influence of the progressive stabilization in t, only data points obtained during the first 500 mm of slip following the stress peaks are represented. Cumulative displacements d cum at the beginning of each phase are indicated in the legend. 2002] and confirm, as in the smooth case, the existence of a linear relationship between shear stress t and confining pressure s e . To investigate the possibility of screening variations during shear, we also conducted specific shear phases which involve prescribed changes in confining pressure s e . When applied statically, such confinement changes induce significant variations of the screening coefficient k. We thus expected that confinement changes imposed while shearing would result in notable variations of the effective coefficient of friction m eff (since m eff = km). Instead, as shown in Figure 13b , we observe that prescribed confinement changes applied during shear leave m eff , and hence k, completely unaffected. Everything happens as if during shear, the ratio s i /s e were fixed at a constant value.
[50] To confirm this observation, we attempted to derive the local stress tensor inside our samples from the microscopic strain fields computed by CIV (see section 4.3). The rheology of the bulk was described by a simplistic elastoplastic model detailed in Appendix C. Clearly, given the numerous speculative assumptions involved, the outcomes of this model should be regarded with caution. We believe, nevertheless, that the obtained trends are credible. As shown in Figure 14a , we find that the normal stress acting on the outer boundary of the interfacial layer tends to increase during the first centimeters of slip following localization, and then essentially stabilizes. This normal stress resolved on the interfacial layer boundary is presumably very close to that exerted on the inner cylinder. Hence, as in the smooth case, the inner normal stress s i probably undergoes a rapid increase immediately after localization, but then appears to remain essentially constant during ongoing shear.
[51] Unlike in the smooth case, the precise stationary value reached by the screening coefficient k when using the rough cylinder remains unknown. As a consequence, quantitative assessments of the internal coefficient of friction m are not possible. Nevertheless, since k remains constant, we can claim that even in the rough case, measured variations in t (or in m eff ) are well representative of variations in m. Accordingly, the significant slip-weakening process observed with the rough cylinder can be regarded as a genuine rheological property of our simulated gouge samples.
[52] The apparent stability of the ratio s i /s e during shear with both the rough and smooth cylinders is probably due to the strong intermittence of the strain rate field inside the bulk (see section 4.3 and Chambon et al. [2003] ). A permanent confinement screening would require the persistence of arching force paths able to efficiently redirect radial stresses toward the orthoradial and vertical directions. Such structures can develop in the absence of shear (when varying s e for instance). As soon as shear sets in, however, the intermittent bursts of shear propagating from the shear band are likely to trigger continuous alterations of the force network inside the bulk and hence to hinder any efficient stress redirection. Similarly, these bursts probably also prevent the mobilization of friction along the top and bottom plates embedding the sample. Figure 13 . Response of a sa1-sand sample during a particular SR shear phase conducted with the rough cylinder: (a) evolution of confining pressure s e , (b) effective coefficient of friction m eff , and (c) volumetric strain e M versus partial slip d p (velocity v = 100 mm s À1 ). The particularity of the considered shear phase is to involve a sudden increase in confining pressure s e (from 0.4 to 0.5 MPa) applied while shearing. The effective coefficient of friction is derived from shear stress t according to m eff = (t À K)/s e , with a cohesion K = 0.11 MPa obtained from linear fits of the t versus s e relationships presented by Chambon et al. [2002] . Figure 14. (a) Postlocalization variations in local radial stress Ds r during an IS shear phase conducted with the rough cylinder (sa1 sand, confinement s e = 0.5 MPa). The represented quantity is computed according to expression (C2) with y = À20°. It corresponds to the azimuthally averaged radial stress (normalized by a typical shear modulus m) resolved 14 mm away from the inner cylinder, i.e., practically on the interfacial layer boundary. Since we are only interested in stress trends, the precise value of the parameter m is not important. (b) Local strain parameters used to compute the stress evolution presented in Figure 14a : postlocalization evolutions of the radial and azimuthal strains De r and De q , and of the angle a defined in Appendix C. All these quantities are obtained by CIV. Note that the volumetric deformation of the sample is essentially radial.
Proposed Micromechanical Interpretations 5.4.1. Slip Weakening
[53] As demonstrated above, the slip-weakening process observed with sand samples has a purely rheological origin. It is not caused by artifactual variations in inner normal stress, which does remain constant as soon as the first centimeters of slip in a shear phase have passed. Nor can it be attributed, directly or indirectly, to the macroscopic slow compaction which does not involve the interfacial layer. (Remark furthermore that though well resolved, the volume variations induced by this long-term compaction remain of very small amplitude. The total reduction in outer radius of a sa1 sample during a 1.5-m slip phase never exceeds 0.2 mm, i.e., 0.1% (which corresponds a volumetric deformation of À2.5 Â 10 À3 ).)
[54] Considering all our results, we propose to relate the slip weakening to the progressive decoupling between the shear band and the bulk reported in section 4.3. To us, slip weakening does actually constitute the macroscopic hallmark of this slow decoupling observed at microscale. The main argument in favor of this interpretation is that the two processes occur over comparable, very large slip distances (typically, several decimeters). More precisely, the decrease in shear stress t (see companion paper by Chambon et al. [2006a] ) and in average strain rate h _ gi (see equation (4)) both follow comparable slow relaxation laws without any characteristic length scale. Interestingly, this interpretation implies that the mechanical response of our synthetic gouge samples is principally governed by the behavior of the thick bulk, and not by the rheology of the highly sheared shear band. In fact, we did not notice any particular structuring or evolution in the shear band that could explain the slipweakening process.
[55] An important point to discuss, however, is the clear correlation between occurrence of slip weakening and existence of comminution in the interfacial layer. The only configuration in which a notable slip weakening is observed is also the only one giving rise to a significant attrition process (shear of angular sand with the rough cylinder). Hence one could argue that the weakening may be directly induced by grain comminution, either through some lubricative properties of the created fine particles, or through the progressive rounding of the initial grains. However, this simple hypothesis appears incompatible with the ''reversibility'' of the slip-weakening process and the existence of restrengthening events. A comminution-induced slip weakening would not be reset by sense reversals or shear stress releases, since these events do obviously not reset the state of comminution in the interfacial layer. Moreover, as shown in Appendix D, a rough estimate of the surface energy created by the attrition process yields a value far smaller than the energy dissipated by the macroscopic slip weakening. Though crucial for occurrence of slip weakening, the role of comminution thus appears quite subtle. In agreement with the interpretation proposed in the previous paragraph, we believe that comminution actually acts to trigger the secondary localization [Chambon et al., 2003 ] which leads to the formation of the transition layer between the shear band and the bulk, and ultimately to the slow decoupling between these two zones. However, further investigations would be needed to confirm this hypothesis.
Restrengthening Upon Sense Reversals and Shear Stress Releases
[56] Similar restrengthenings, though generally of smaller amplitude, have been reported in previous studies [e.g., Nakatani, 1998; Karner and Marone, 1998; Richardson and Marone, 1999; Karner and Marone, 2001] , and are generally attributed to a mechanism of consolidation strengthening of the gouge. In our case, this interpretation is supported by the rapid compaction systematically observed at the beginning of shear phases (for an alternative interpretation, see also Sleep [1999] and Sleep et al. [2000] ). Hence, contrary to slip weakening, the restrengthening process appears strongly related to changes in sample volume.
Slow Compaction
[57] Unlike the initial rapid compaction-dilatancy sequence which is classical in dense granular materials [e.g., Cambou, 1998 ], the long-term volume reduction observed with sand samples appears unusual. As already mentioned, it essentially arises from the bulk of the samples. Hence it cannot be related to grain attrition which is only active in the interfacial layer. (Besides, slow compaction is also observed with gb3 glass beads for which no comminution occurs.) We interpret this compaction as resulting from collective grain rearrangements similar to those reported when granular assemblies are submitted to small and repeated excitations [e.g., Knight et al., 1995; Nicolas et al., 2000] . In our case, the role of cyclic excitations could be played by the intermittent bursts of deformation taking place inside the bulk. Hence slow compaction would ultimately derive from the same origin as slip weakening, namely, the coupling between the shear band and the bulk.
Concluding Remarks
[58] This paper reports on a newly discovered frictional property of granular fault gouge, namely, a significant slip weakening active over decimetric distances. Such a process was absent in most previous experimental gouge friction studies [e.g., Marone et al., 1990; Beeler et al., 1996] , probably inhibited by the use of too thin gouge samples (see section 2.5). We saw indeed that in our experiments, slip weakening is intimately linked to the mechanical behavior of the thick and slowly deformed bulk surrounding the shear band. More precisely, slip weakening appears to be caused by the progressive decoupling between this bulk and the shear band. Only in samples that are sufficiently thick (i.e., significantly thicker than the 5 to 10 grain shear band) is such a complex structuring process susceptible to develop.
[59] From the geophysical perspective, an important question that arises is whether this new slip-weakening process is susceptible to operate also on real faults. As discussed in Introduction, mature fault zones do effectively contain thick gouge layers in which structuring mechanisms similar to those observed in our samples could in principle develop. However, we have to admit that some of our experimental conditions appear quite unrealistic with respect to natural faults. We worked at very low confining pressure (0.5 MPa, versus 10-100 MPa on real faults), and our synthetic gouge material is highly idealized compared to real fault gouge (see section 2.1). It is still an open question whether the slip-weakening mechanism that we report would remain active under higher confining stresses and with more realistic gouge materials. Nevertheless, as we will argue in the companion paper [Chambon et al., 2006a] , this slip-weakening mechanism appears in good quantitative agreement with seismological data.
[60] Moreover, and regardless of the particular physical processes involved, our results stress the necessity of considering large-scale slip-weakening behaviors when dealing with fault gouge rheology. In dynamical earthquake conditions, several different mechanisms could induce such slip weakening. Thermal effects, in particular, are often invoked [e.g., Tsutsumi and Shimamoto, 1997; Lapusta and Rice, 2003] . Various studies also suggest that macroscopic slip weakening could result from inelastic dissipation in the thick damaged layers usually surrounding the fault planes [e.g., Poliakov et al., 2002; Andrews, 2005; Cocco, 2006a, 2006b ]. Our experimental results are perfectly consistent with this latter standpoint, and clearly demonstrate the crucial role played by the complex structure of fault zones on their mechanical response.
[61] Implications of our results for fault mechanics are addressed in the companion paper [Chambon et al., 2006a] . There, we show in particular that unlike classical friction mechanisms, slip weakening in our experiments does not include any characteristic slip scale. In other words, it can be regarded as scale invariant, though a dependence on some internal length scale of our setup (like the inner cylinder radius for instance) cannot be excluded. (A first hint toward this property of scale invariance was constituted by the observation that slip weakening is independent of gouge grain size (at least in the diameter range that we investigated: see Figure 5 ).) We also discuss the influence of time and slip velocity on our frictional measurements to account for rate and state effects. We then propose a unified friction law in the form of a slip-, rate-, and state-dependent formulation. Finally, a detailed comparison between our experiments and seismological data is presented. 
A1. Glass Beads With Rough Cylinder
[62] Regardless of the particle size distribution, the first evident feature when shearing glass beads with the rough cylinder, is the appearance of a macroscopic stick-slip phenomenon. This phenomenon results in quasiperiodic fluctuations of shear stress and volume changes ( Figure A1 ). Occurrence of stick slip in sheared glass bead assemblies does apparently constitute a classical observation [e.g., Mair et al., 2002; Evesque and Adjemian, 2002] . However, this was unwanted in our experiments since it is incompatible with the achievement of a true ''imposed slip'' condition at sample inner boundary. In the following, we will not describe the stick-slip process in any detail, and consider the ''average'' low-frequency response of glass beads as representative of what would be observed in the absence of stick-slip oscillations.
A1.1. Shear Stress Variations
[63] As shown in Figure A1a , the major slip-weakening process observed with sand is completely absent with glass beads. The average shear stress t increases during the first millimeters of slip of a shear phase, and then rapidly levels off around a reproducible plateau level. This behavior is observed with both monodisperse and bidisperse glass bead samples. Only IS phases do display a small weakening effect, but truly negligible compared to that observed with angular sand.
A1.2. Volume Changes
[64] As for sand with rough cylinder, inception of shear with glass beads is systematically marked by a rapid compaction-dilatancy sequence (hardly visible in Figure A1b ). The subsequent long-term volumetric behavior, on the contrary, depends on the particle size distribution. Bidisperse samples are characterized by a significant slow compaction with shear ( Figure A1b ), whereas monodisperse samples exhibit slow dilatancy.
A2. Smooth Cylinder
[65] Only submillimetric materials (sa2 and gb2) have been used with the smooth cylinder, to avoid indentation of the normal stress sensors. Moreover, due to technical reasons, the length of the shear phases is generally limited to 10-20 cm of slip in this case. As with the rough cylinder, shear of glass beads gives rise to a notable stick-slip phenomenon. On average, however, the response of glass beads appeared very similar to that of sand. Hence only the latter case will be described in what follows.
A2.1. Shear Stress Variations
[66] We remark that the maximum level of shear reached with the smooth cylinder is significantly smaller than in the rough case ( Figure A2a) . The response to successive (noninitial) shear phases is well reproducible: After an initial increase during the first millimeters of slip, shear stress t rapidly stabilizes around a constant plateau level.
A2.2. Volume Changes
[67] After an initial rapid compaction-dilatancy sequence, we generally observe a fast stabilization of sample volume which then remains essentially constant (or, sometimes, slightly dilatant: Figure A2c) . We should mention, however, that volume changes are generally less reproducible with the Figure A1 . Response of a gb3-glass bead sample during two successive IS and SR shear phases conducted with the rough cylinder: (a) evolution of shear stress t and (b) macroscopic volumetric strain e M as a function of raw slip d. Confining stress s e = 0.5 MPa, and slip velocity jvj = 100 mm s
À1
. Note that though existing, volume oscillations associated with stick slip are almost invisible due to the scale of the plot. smooth cylinder than with the rough one, and appear much more sensitive to previous loading history.
A2.3. Normal Stress Measurements
[68] In general, normal stress measurements with the smooth cylinder are much noisier and less reproducible than shear stress measurements (see also section 2.3). Nevertheless, two systematic features can be observed during successive shear phases applied to sand samples ( Figure A2b) . First, shear sense reversals trigger significant drops in average inner normal stress s i , rapidly followed by a fast reincrease as shear resumes. Interestingly, these variations in s i appear synchronous and well correlated with the rapid compaction-dilatancy sequence. Second, as soon as partial slip d p exceeds 10-20 mm in a shear phase, rapid variations in s i cease and the normal stress on the inner cylinder roughly stabilizes. It achieves a quasistationary value which approximately amounts to twice the applied confining stress s e . With glass bead samples, the achieved stationary level in s i is a little smaller.
A2.4. Confinement Transfer
[69] To investigate the issue of confinement transfer (see section 5.3) with the smooth cylinder, numerous shear phases at various confinement levels have been conducted with sand samples. Figure A3a shows that in agreement with equation (7), inner normal stress s i is well proportional to outer confinement s e . The screening coefficient k appears to depend essentially on partial slip d p . Consistently with Figure A2b , k is observed to drop quasi-instantaneously at the beginning of shear phases, where it can reach very low but poorly reproducible levels. As soon as shear effectively sets in, however, k rapidly reincreases until d p reaches 10-20 mm and then essentially stabilizes around a constant and well reproducible value. With sand samples, this residual screening level is very weak: It corresponds to k % 2 (1.6 precisely in Figure A3a ).
[70] Figures A3b and A3c also show that the relationships between shear stress t and inner normal stress s i , and between shear stress t and outer confinement s e are well linear, as expected. The internal coefficient of friction m and cohesion K (see equation (5)) are essentially constant during shear (at least for d p > 2 mm), whereas the effective coefficient of friction m eff (see equation (6)) is observed to increase with partial slip d p during the first stages of shear (until d p % 10-20 mm) and then to stabilize.
Appendix B: Expression of the Screening Coefficient K
[71] To express the relationship between the inner and outer radial stresses s i and s e in our annular setup, let us consider a sample element of dimension dr Â rdq Â H (cylindrical coordinates: see Figure 3 ). Under quasi-static deformation, mechanical equilibrium of this element writes (in projection along the radial direction)
where s rz (z = H) and s rz (z = 0) represent radial frictional stresses exerted along the top and bottom plates, respectively, embedding the sample. In this expression, the components s r (r) and s q (r) of the stress tensor should be regarded as averages over both the orthoradial and vertical directions.
[72] Friction along the two horizontal plates might be evaluated using a granular Janssen-like model [e.g., Duran, 2000] : Assuming (1) that force chains inside the sample redirect a fraction K v of the radial stresses toward the vertical direction and (2) that friction is fully mobilized along the plates, we can write
where f w is a signed coefficient of friction characterizing the sample-wall interface (positive in the centripetal sense). To estimate the orthoradial stresses s q , we similarly postulate the existence of an azimuthal redirection coefficient K q :
Such an hypothesis can be seen as a simplistic version of a 2-D Mohr-Coulomb plasticity criterion.
[73] Inserting expressions (B2) and (B3) into (B1) yields a radial evolution equation for the radial stress s r :
Integrating equation (B4) between r = R 1 and r = R 2 , we finally end up with a relationship between the inner and outer radial stresses s i and s e : s i = k s e , where the screening coefficient
We observe that two independent effects can act to screen the imposed confinement s e inside the sample. The first factor in expression (B5) represents screening by development of orthoradial hoop stresses. This effect is specific to the cylindrical geometry of our setup. The second, exponential factor accounts for the mobilization of friction along the walls embedding the sample. This process exists in all gouge friction setups. Nevertheless, it may be particularly significant in our case because of the large contact area between the gouge and the two horizontal plates. In the absence of screening (K v = K q = 0), we get s i = (R 2 /R 1 ) s e = 2 s e .
Appendix C: Elastoplastic Estimate of the Local Stress Tensor
[74] In the standard framework of elastoplasticity, increments of stress ds ij are linked to increments of strain de kl through
where C ijkl represents the tensor of elastic moduli and de kl p is the plastic part of the incremental strain tensor. To obtain a simple constitutive relationship between incremental stresses and strains applicable to our samples, we make the four following assumptions. (1) Incremental strains reduce to a 2-D tensor (plane strain hypothesis). (2) The elastic behavior is linear and isotropic, with a shear modulus m and a Poisson ratio n. (3) The plastic flow derives from a nonassociated Mohr-Coulomb potential characterized by a dilatancy angle y. (4) The volumetric deformation undergone by the samples has a purely plastic origin: de r + de q = de r p + de q p .
[75] Under these assumptions, the stress increments ds r and ds q are related to incremental strains as where a represents the angle between the radial direction and the direction of the maximum principal strain e 1 . Note that ds q = Àds r in this model. Expressions (C2) and (C3) can be used to compute the local stresses s r and s q inside our sheared samples from the deformation fields resolved by CIV. To be acceptable, however, the obtained stress values should also verify local equilibrium: ds r /dr + (s r À s q )/r = 0. We exploited this additional constraint to get estimates of the dilatancy angle y. The value y = À20°used in Figure 14 was chosen after several tests: It is the one for which the computed stresses best verify equilibrium everywhere inside the sample during the presented shear phase.
(The negative sign of y accounts for the compactant behavior of the material).
Appendix D: Surface Energy Created by Grain Comminution in the Interfacial Layer
[76] We provide here a rough estimate of the surface energy created by grain comminution in the interfacial layer (for the case of a sa1-sand sample). In the initial state, the interfacial layer contains a given number N i of 1 mm (angular) particles. This number N i can be estimated from the volume (%4.6 Â 10 5 mm 3 with a thickness of 7 mm) and initial porosity (%45%) of the layer: N i % 5 Â 10 5 . On the base of Figure 9 , we assume that after complete comminution, the interfacial layer is composed of the same number N i of 0.8 mm (rounded) grains and of a large number N f of fine 10 mm particles. The number N f /N i of fine particles created by the attrition of each initial grain is given by volume conservation: N f /N i % (1 3 À 0. , we obtain the value of the surface energy E S created by comminution in the interfacial layer: E S % 7 Â 10 1 J. Because of the simplistic character of this model, this value is likely to be significantly overestimated. A more refined calculation, which takes into account the precise size distribution of the fine particles inside the interfacial layer [see Chambon et al., 2006b] , yields a somewhat smaller surface energy: E s % 2 Â 10 1 J. Accounting for the angular aspect of the initial grains would reduce this estimate even further, since creation of the fine particles is essentially related to local asperity ruptures, and not to a homogeneous volume reduction as assumed above.
[77] This surface energy created by comminution in the interfacial layer can be compared to the macroscopic work dissipated by the slip-weakening process. In the companion paper, we compute the value of the macroscopic breakdown energy [Tinti et al., 2005] dissipated during a 1.5-m-long shear phase with a confining pressure s e = 0.5 MPa: G c % 5 Â 10 4 J m À2 . The work W c dissipated by the slipweakening process is obtained by multiplying G c with the area of the inner cylinder (the work of the confining stress being negligible in our case): W c % 3.1 Â 10 3 J. One thus immediately sees that this macroscopic work W c is more than hundred times greater than the surface energy E S calculated in the previous paragraph. Note furthermore that the difference would be even stronger without the assumption of complete attrition invoked in our estimate of E S . This assumption is far from being fulfilled after only 1.5 m of slip.
